The development of rolling texture was studied by an X-ray diffraction method using pure aluminum single crystals with an initial crystal orientation deviated by 5 about the rolling direction from the ideal (001) [100] orientation. The crystal was cold-rolled with constraint provided by a polycrystalline aluminum frame. The rolling texture was compared with the texture measured for a different crystal rolled without constraint. The texture rolled without constraint was also compared with the texture of (001) [100] single crystals rolled without constraint reported in our previous study. At 50% reduction in thickness, the texture of the crystal deviated by 5 from the ideal orientation rolled without the constraint was composed of two main orientations, which were characterized by resultant rotations about the transverse, rolling and normal direction axes with respect to the initial orientation. The two main orientations reached {123} h634i at 95% reduction in thickness without passing through {110} h001i and {110} h112i. In order to realize crystal rotation from {100} h001i to {123} h634i in rolling, the {100} h001i single crystal should have the initial orientation deviated by 5 from the ideal orientation, and in addition be rolled without constraint. At 95% reduction in thickness, different character of textures was observed in the crystals deviated by 5 from the ideal orientation rolled with and without constraint. In both cases, however, no cube orientation was recognized in the textures.
Introduction
The formation mechanism of the {100} h001i recrystallization texture in FCC metals such as aluminum has been of a great interest due to technological as well as scientific importance. 1) Recently, two significant mechanisms have been proposed on the preferential formation of {100} h001i recrystallization texture. One mechanism mentions that preexisting {100} h001i grains have to survive in the form of bands (so called cube bands) even after heavy cold-rolling, 2) and the other mechanism that the cube bands have to neighbor on deformed areas having {123} h634i (S-orientation) and {112} h111i (C-orientation) 3) in order to obtain strong {100} h001i texture after recrystallization. The former mechanism is derived from oriented nucleation theory wherein {100} h001i recrystallized grains can recover and nucleate more rapidly than those having other orientations. 4) The latter mechanism comes from oriented growth theory wherein {100} h001i recrystallized grains can grow fast into deformed areas having S-and C-orientations because of favorable orientation relationships between them. 5) Based on these mechanisms, the existence of cube bands neighboring on deformed areas having S-and C-orientations after cold-rolling seems to be important in order to obtain the maximum intensity of the {100} h001i orientation in the recrystallization texture.
It is known that the {100} h001i orientation, or the cube orientation, is unstable in rolling, so that crystal rotation about the transverse direction (TD) axis occurs easily at the beginning of rolling in cube-oriented aluminum single crystals. 6, 7) In our previous study, 8) the influence of an external constraint on the rolling texture in pure aluminum single crystals having a cube orientation was investigated. These crystals were cold-rolled with constraint provided by a polycrystalline aluminum frame. The rolling texture was compared to that obtained in other cube-oriented crystals rolled without a constraint. The external constraint influenced the rolling texture development, especially in the midthickness regions of the crystals.
The development of the rolling texture is also influenced by deviation of the initial orientation from the ideal cube orientation. There are a number of reports on rolling texture development with thickness reduction above 90%, using copper single crystals with a cube orientation. [9] [10] [11] [12] [13] [14] The characteristics of rolling textures are clarified, related with the textures observed in copper polycrystals. However, the influence of orientation deviation from the ideal cube orientation on texture development has not been empirically elucidated.
In the present study, the effect of orientation deviation from the ideal cube orientation on the development of rolling texture is examined by an X-ray diffraction method using pure aluminum single crystals with the initial orientation deviated by 5 about the rolling direction (RD) from the ideal cube orientation. The effect of an external constraint provided by a frame and the existence of cube orientation after rolling are also discussed. Figure 1 shows an electron channeling pattern (ECP) image taken on the rolling plane of a 99.99 mass% aluminum single crystal plate made by a modified Bridgman method. This plate had crystal orientation rotated counter-clockwise by 5 about RD from the ideal cube orientation. Single crystal specimens, 16:0 Â 18:0 Â 7:4 mm 3 in size, were cut from the plate. The specimens are called 5RD crystals.
Experimental Procedure
In order to provide an external constraint to the 5RD crystals, polycrystalline aluminum frames were made, as shown in Fig. 2 . A rectangular hole with the same dimensions as the 5RD crystal was made at the center of the frame, and the 5RD crystal was then embedded in the hole. The embedded 5RD crystals were rolled, constrained in TD provided by the frame. The other 5RD crystals were rolled without using the frame. Namely, these crystals were rolled without the constraint during rolling.
The 5RD crystals with and without constraint were unidirectionally rolled in a rolling mill with rolls of 70 mm in diameter at room temperature. The thickness reduction for the 5RD crystals was 30, 50, 70, 80, 90 and 95%. After each rolling pass, the 5RD crystal was soaked in ice water to prevent recovery and recrystallization.
Cold-rolled 5RD crystals were mechanically and chemically polished down to mid-thickness of the crystals using emery paper and 10% HF solution, respectively. For X-ray texture analysis, {111} incomplete pole figures were determined by Cu radiation using the Schulz reflection method. The {111} pole figures in the mid-thickness regions of the crystals were represented as relative intensity with respect to a standard specimen having random orientation.
The designation of slip systems in the present study followed the notation proposed by Bishop and Hill. 15) Figure 3 shows an octahedron imaging {111} slip planes, which reveals the relationship between the sample coordinate and the crystal coordinate. There are twelve slip systems of ''a1'' to ''d3'', and the h110i slip directions of them are indicated by arrows on the {111} slip planes.
In the present study, crystal rotation with respect to the initial orientation is described in terms of rotation components about the rolling direction (RD), the transverse direction (TD) and the normal direction (ND) axes of the sample coordinate. The activity of slip systems in rolling has often been evaluated based on a combination of compressive stress along ND and tensile stress along RD.
16) The Schmid factor (S r ) for each slip system can be expressed as S r ¼ S t À S c , where S t and S c are Schmid factors for the tensile stress and the compressive stress, respectively.
17) The slip system with a large Schmid factor would preferentially operate during rolling. The Schmid factors for twelve slip systems in the 5RD crystal are given in Table 1 .
Experimental Results
3.1 Texture of 5RD crystal rolled with external constraint Figure 4 shows {111} pole figures with thickness reductions ranging from 30% to 95% in the 5RD crystal rolled with external constraint. At 30% reduction in thickness, the main orientation had small orientation spread around the initial orientation. The main orientation observed at 50% reduction in thickness rotated counter-clockwise by 12 about TD axis with respect to the initial orientation. At 70% reduction in thickness, rotations about RD and ND axes were added to the main orientation rotating about TD axis, and the relative intensity of the main orientation dramatically decreased. The mean value of the intensity was approximately 9. A minor orientation with a relative intensity of 3 on average was newly recognized. The main orientation observed at 80% reduction in thickness was found to have a very small crystal rotation relative to that at 70% reduction. The crystal orientation was approximately described as {214} h925i. At 90% and 95% reductions in thickness, the main orientation showed crystal orientation near {112} h132i, accompanying the large orientation spread. Figure 5 shows {111} pole figures with thickness reductions ranging from 30% to 95% in the 5RD crystal rolled without external constraint. The main orientation observed at 30% reduction in thickness slightly rotated counter-clockwise about RD axis, although it was close to the initial orientation. The texture at 50% reduction in thickness consisted of two main orientations (V1 and V2), which were characterized by the resultant rotations about TD, RD and ND axes relative to the initial orientation. At 70% reduction in thickness, the two main orientations rotated towards {214} h925i, decreasing slightly the relative intensity of {111} poles. After rolling to 95% reduction in thickness, the main orientations reached {123} h634i (S-orientation). The orientation spread of the texture was much smaller than that of the texture at the same thickness reduction shown in Fig. 4 . The relative intensity of the main orientations was nearly constant in the range of thickness reductions from 70% to 95%.
Texture in 5RD crystal rolled without external constraint
The 5RD crystal rolled without constraint to 95% reduction in thickness showed a sharp texture consisting of two variants of S-orientation. A sequence of {111} pole figures gives evidence of continuous crystal rotation from the cube orientation to the S-orientation. It should be noted that the main orientations never passed through {110} h001i (Gorientation) and {110} h112i (B-orientation).
Discussion

Effect of deviation from ideal cube orientation on
cold rolling texture development In our previous study, 8) texture development in pure aluminum single crystals rolled with and without external constraint was investigated by X-ray diffraction method. The single crystals, termed JC crystal, had the initial orientation deviated by 1.2 from the ideal cube orientation. Figure 6 shows {111} pole figures of the JC crystals cold-rolled without external constraint to thickness reductions ranging from 30% to 95%. There were two main orientations of the {111} pole figures. At the early stages of rolling, the two main orientations rotated clockwise and counter-clockwise, respectively, about TD axis with respect to the initial orientation. The crystal rotations about TD axis took place up to 70% reduction in thickness. The main orientations showed crystal orientation near {102} h201i. At a thickness reduction above 70%, rotation components about RD and ND axes were newly added to the main orientations rotating about TD. Thus, the main orientations rotated toward {214} h925i up to 80% reduction in thickness and reached {112} h312i at 90% reduction, decreasing the relative intensity. The {111} pole figure observed at 95% reduction in thickness, however, showed random texture containing orientation components below 1 in relative intensity.
Compared to the rolling textures observed in the JC crystal, texture development in the 5RD crystal rolled without external constraint was quite different. The 5RD 
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K. Kashihara and H. Inagaki crystal rolled to 50% reduction in thickness had a texture consisting of the main orientations rotated not only about TD axis but also about RD and ND axes with respect to the initial orientation. Moreover, the main orientations reached {123} h634i (S-orientation) at 95% reduction in thickness without passing through {110} h001i (G-orientation) and {110} h112i (B-orientation).
There is an argument regarding crystal rotation of a cubeoriented grain at the start of cold rolling as to whether the cube orientation rotates about RD axis 18) or about TD axis. 19) Based on our results in this study and the previous study, 8) it is obvious that the direction of crystal rotation was strongly influenced by deviation of orientation from the ideal cube orientation.
The JC crystal with initial orientation very close to the ideal cube orientation (at least within 1.2 ) showed two main orientations rotated counter-clockwise and clockwise, respectively, about TD axis up to 70% reduction in thickness. On the other hand, the 5RD crystal with orientation deviated by 5 from the ideal cube orientation showed two main orientations rotated about TD, RD and ND axes at 50% reduction in thickness. At 95% reduction in thickness, the JC crystal had the random texture, whereas the 5RD crystal the S-orientation.
We now discuss the relationship between the main orientations and the slip systems operating in the cold-rolled JC and 5RD crystals. In the JC crystal rolled without constraint to 50% reduction in thickness, the crystal rotation axes of the main orientations with respect to the initial orientation are shown in Fig. 6 . The two main orientations are named variant 1 and variant 2. At 50% reduction in thickness, variants 1 and 2 rotated about the RA(V1) and RA(V2) axes, which were located close to TD. It has been reported that the equivalent operation of slip systems of Àa2 and Àd2 and of Àb2 and Àc2 lead to counter-clockwise and clockwise crystal rotations, respectively, about TD axis. [6] [7] [8] Here, Àa2 and Àd2 have a co-operative relationship in the rolling of cube-oriented single crystal, and Àb2 and Àc2 have a different co-operative relationship. 6, 7) The crystal rotation with respect to the initial orientation of the JC single crystal 8) agrees well with previous reports. 6, 7) In the 5RD single crystal rolled without constraint to 50% reduction in thickness, the crystal rotation axes of RA(V1) and RA(V2) of the main orientations with respect to the initial orientation are shown in Fig. 5 . The crystal rotation axes of this crystal are located apart from TD. The locations differed from those observed in the JC crystal. The crystal rotation axes diverging from TD can be ascribed to the fact that operation of Àa2 and Àd2 in the variant 1 and of Àb2 and Àc2 in the variant 2 are not equivalent. Otherwise, an extra slip system may be activated in addition to the predominant slip systems of Àa2 and Àd2, and of Àb2 and Àc2. The change in the Schmid factor (S r ) of the slip systems is indicated in Fig. 7 . The value of the Schmid factor was calculated from the initial orientation and the crystal orientation at 50% reduction in thickness. At the initial orientation, Àb2 and Àd2 had the highest value of the slip systems, and Àa2 and Àc2 the second highest value. The value of the Schmid factor of Àa2 and Àc2 in both variants decreased, whereas the value of b3 of variant 1 and of d3 of variant 2 increased, with increasing thickness reduction. It is obvious that the amount of slip operating at 50% reduction differed between Àa2 and Àd2 in the variant 1 and between Àc2 and Àb2 in the variant 2. There is also a possibility that 
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The effect of external constraint on rolling texture development The stress state in rolling is often assumed to be a combination of tensile stress along RD and compressive stress along ND. 16, 17) In order to evaluate the amount of crystal rotation relative to the initial orientation, the single crystals, before and after rolling, are always placed on the sample coordinate axes such that the rolling plane of the crystal is parallel to the RD-TD plane, and the cube-edge of the crystal is parallel to the RD axis.
In the cube-oriented single crystal, slips of Àa2, Àb2, Àc2 and Àd2 are preferred in rolling. The equivalent operation of Àa2 and Àd2 and that of Àb2 and Àc2 lead to crystal rotations about TD axis with respect to the initial orientation. [6] [7] [8] At the same time, the slip deformation results in shape change of the crystal causing tensile strain along RD, compressive strain along ND and no strain along TD.
Slip by the equivalent operation of a1 and c1 and of b1 and d1 induce crystal rotations about RD axis. At the same time, the slip deformation leads to tensile strain along TD and compressive strain along ND. Furthermore, slip by the equivalent operation of a3 and b3 and of c3 and d3 induce crystal rotations about ND axis, accompanying tensile strain along RD and compressive strain along TD.
In the present study, 5RD single crystals rolled with external constraint showed the formation of one main orientation rotated counter-clockwise about TD axis at 50% reduction in thickness (Fig. 4) . As shown in Table 1 , the Schmid factor at the initial orientation differed between Àa2 and Àd2. Based on the value of the Schmid factor, imbalance of slip operation between them should happen to the crystal. The imbalance produces crystal rotation about RD axis and/ or ND axis, and then strain along TD is induced in the crystal. However, the 5RD single crystal received external constraint provided by the aluminum frame. The external constraint should prevent the strain along TD. Consequently, Àa2 and Àd2 are enforced on equivalent operation, even though they originally have a gap in activity of the slip systems. Otherwise, an extra slip system may operate in order to compensate the gap of their slips.
In the 5RD crystal rolled to 80% reduction in thickness with external constraint (Fig. 4) , the {111} peak with a relative intensity of 11 designated by the * was located at a position about 45 apart from the center of the pole figure. In the 5RD crystal rolled to the same reduction without constraint (Fig. 5) , the corresponding peaks with intensities of 11 and 15 designated by the * were located at positions about 60 apart from the center. This result reveals that the crystal rotation about RD axis was easier in the crystal rolled without constraint than that with constraint. Also, we observed that only the 5RD crystal rolled without constraint reached S-orientation. Therefore, we conclude that easy crystal rotation about RD axis plays an important role in crystal rotation toward S-orientation. Thus, in order to rotate the cube orientation to the S-orientation, the single crystal should have an initial orientation deviated by about 5 from the ideal cube orientation and, in addition, be rolled without external constraint.
The existence of cube orientation in rolling texture
The development of cold-rolling texture has been studied by many investigators using copper single crystals having a cube orientation. [9] [10] [11] [12] [13] [14] Some of these studies have indicated that the texture of the crystals rolled to a high reduction in thickness contains cube orientation in addition to {135} h211i, 9) {110} h112i and {135} h311i. 10) In contrast, the rolling textures of the JC crystals rolled with and without constraint to a 95% reduction in thickness did not contain cube orientation regardless of the constraint condition.
8) The 5RD crystals rolled with and without constraint showed different character of the texture at 95% reduction in thickness. However, the existence of the cube orientation could not be recognized in these textures.
In general, it is difficult with the X-ray diffraction method to detect crystal orientation that is less than 10% in volume fraction. It is known that this method has a limit of detection of crystal orientation. Therefore, there is still a possibility that a small fragment having cube orientation is contained in the microstructure of the JC and 5RD crystals rolled to a 95% reduction in thickness. We plan to conduct EBSP (electron back-scatter diffraction pattern) analysis to clarify the existence of fragments having cube orientation in these crystals.
Conclusions
The rolling texture of pure aluminum single crystals with an initial orientation deviated by 5 about RD from the ideal cube orientation (5RD crystal) was examined using the X-ray diffraction method. The textures of 5RD crystals cold-rolled with and without constraint were compared to each other, and the texture rolled without constraint was also compared to the texture of cube-oriented single crystals rolled without constraint. 8) The main conclusions obtained in the present study are as follows:
(1) The crystal rotation relative to the initial orientation is influenced by both deviation of orientation from the ideal cube orientation and external constraint provided by a frame. (2) The texture of the 5RD crystal rolled without constraint shows crystal rotation composed of rotation about TD, RD and ND axes at 50% reduction in thickness. The main orientations directly reach {123} h634i (Sorientation) at 95% reduction in thickness without passing through {110} h001i (G-orientation) and {110} h112i (B-orientation). (3) In order to rotate the cube orientation to S-orientation by slip operation, both crystal and rolling conditions are required: The single crystal should have initial orientation deviated by 5 from the ideal cube orientation and it should be rolled without external constraint. (4) The different types of textures were observed in 5RD crystals rolled with and without constraint to 95% reduction in thickness. In both cases, however, cube orientation was absent.
